Porous titanium is an excellent biomaterial candidate because of its ability to maintain appropriate strength once it is implanted. The osteointegration of titanium and its alloys is less than that of bioactive ceramics. Therefore, various surface modification techniques have been developed to improve the osteointegration. We successfully prepared titanium dioxide (TiO2) and calcium titanate (CaTiO3) films on the surfaces of pure Ti by combined chemical-hydrothermal treatment. Especially in CaTiO3, the formation of apatite was promoted due to the release of Ca 2+ from the surface of CaTiO3 in Hanks' solution. Calcite (CaCO3) is a biodegradable material that must enhance hydroxyapatite (HAp) formation in simulated body fluid as well as in CaTiO3. The purpose of the present study was to synthesize bioactive films including CaCO3 on pure Ti substrates and porous titanium by chemical-hydrothermal treatment using Ca(OH)2 and KHCO3. The modified porous materials were tested mechanically in a compression test. CaTiO3-CaCO3 and TiO2-CaCO3 films were synthesized by choosing an ion concentration ratio of CO3 2− /Ca 2+ in the aqueous solution for hydrothermal treatment. CaTiO3-CaCO3 films were also synthesized on porous titanium by hydrothermal treatment. Compressive properties of porous titanium after the treatment were similar to those prior to the treatment. The films produced by the present surface modification showed no significant changes compared to the original properties.
Introduction
Titanium and its alloys have been widely used as biomaterials for orthopedic and dental implants because of their excellent mechanical properties, biocompatibilities and high corrosion resistance. The osteointegration of titanium and its alloys is less than that of bioactive ceramics. Therefore, various surface modification techniques have been developed to improve the osteointegration [10] [11] [12] [13] . The simplest way is to synthesize the bioactive ceramic films on pure titanium and its alloys with the required mechanical properties. In general, ceramic films are substrates prepared by methods such as plasma spraying, sputtering and sol-gel [14] [15] [16] . Although such conventional methods are well established, coatings are generally produced at temperatures above 773 K, which can lead to deterioration in the mechanical properties of titaniumbased alloys.
Hydrothermal treatment is a wet chemical process that has been widely utilized for preparing nanocrystalline oxide materials such as BaTiO3, ZrO 2 and TiO 2 17-19 . The treatment is carried out at a temperature between the boiling point and critical point of water (647 K, 22.1 MPa). In spite of the low-temperature process, the synthesized materials exhibited extremely high crystallinity. Recently, we have investigated the synthesis of bioactive oxide films such as titanium dioxide (TiO2) and calcium titanate (CaTiO3) on titanium and its alloys by combined chemical-hydrothermal treatment [20] [21] [22] . In this process, high crystallinity oxide films can be fabricated on the Ti surfaces at low temperatures through a cycle of dissolving and precipitating TiO2, which is activated by the hydrothermal reaction. Such wet processes are suitable for the surface modification of substrates that have a complex shape and/or a large surface area.
Many researchers have attempted to produce calcite (CaCO3) on Ti substrates, bioglasses or several kinds of scaffolds [23] [24] [25] [26] . CaCO3 is a biodegradable material that must enhance hydroxyapatite (HAp (Ca10(PO4)6(OH)2)) formation in simulated body fluid (SBF) as well as CaTiO3. To increase the precipitation of HAp in SBF, a large amount of calcium ions (Ca
2+
) should be released from the materials.
Most titanium implants consist of dense components. Porous titanium has low density and low elastic modulus compared to bulk one. Therefore, porous titanium is an excellent biomaterial candidate because of its ability to maintain appropriate strength once it is implanted.
The purpose of the present study was to synthesize bioactive titanium oxide films incorporating with CaCO3 on pure Ti substrates by chemicalhydrothermal treatment using Ca(OH)2 and KHCO 3 . In addition to preparing bioactive films on porous titanium by the above method, the compressive properties of the resultant films were also investigated by a compression test.
Experimental Procedures
Commercially pure Ti disks (φ 6 mm × t 2 mm) were cut from a rod and mechanically polished with #400-1500 emery papers and 0.3 μm alumina paste. The disks and pure porous titanium (2 mm × 2 mm × 5 mm, porosity of 60%) were ultrasonically washed with acetone and distilled water, and then dried. The chemical treatment was carried out with 5 M H2O2/0.1 M HNO3 aqueous solution (2.5 mL for each disk, 5.0 mL for each porous specimen) at 353 K for 20 min. Then, the disks and porous specimens were placed separately into Teflon-lined autoclaves with an internal volume of 50 mL (8 disks per batch, 8 specimens per batch), which were filled with x mM Ca(OH)2/ y mM KHCO3 (x = 5-20, y = 0-40) aqueous solution up to 50% volume.
Low-angle X-ray diffraction (XRD, Cu Kα radiation) analysis was performed using a Rigaku RINT2500 diffractometer at an incident angle of 1°. X-ray powder diffraction analysis was performed using the same machine. Scanning electron microscopy (SEM) images were taken using a JEOL JSM-6500F microscope to characterize the morphologies of the surfaces. The compression test was carried out with a Shimadzu AG-X testing machine of 100 kN capacity at room temperature with a strain rate of 0.05 mm/min (initial cross head speed was 1%).
Results and Discussion

Synthesis of bioactive titanium oxideCaCO 3 films on Ti substrates
Synthesis of bioactive titanium oxide films and carbonate films was attempted at a low temperature on pure Ti substrates using chemicalhydrothermal treatment. First, chemical treatment with acidic H2O2/HNO3 aqueous solution was carried out on pure Ti substrates. An anatase-type TiO 2 film with very low crystallinity (TiO 2 gel) was produced on the surfaces. The details of this chemical treatment were reported in previous papers 20, 21 . Next, the hydrothermal treatment was carried out on the chemically treated specimens. TiO2 is known to be slightly soluble in alkaline solutions. In a previous study, highly crystalline perovskite-type CaTiO3 and anatase-type TiO2 were obtained from TiO2 gel by hydrothermal treatment with alkaline Ca(OH) 2 solution and NH 3 solution, respectively 17, 21 . Therefore, if an alkaline solution containing Ca 2+ and CO3 2− is used, incorporation of CaCO 3 could be achieved by a similar process. KHCO3 powder was employed as a source of CO3 2− because it is easy to obtain and handle. In this study, seven solutions of different ratio of CO3 2− /Ca 2+ were prepared. The concentration of 20 mM for Ca 2+ is the solubility of Ca(OH)2 into distilled water at room temperature. Fig. 1 shows XRD patterns of the resultant films prepared by chemical-hydrothermal treatment. Sharp peaks attributed to perovskite-type CaTiO 3 appeared following the hydrothermal treatment when the concentration of Ca 2+ was larger than that of CO3 2− (x>y). On the other hand, sharp peaks attributed to anatase-type TiO 2 appeared when the concentration of Ca 2+ was lower than that of CO3 2− (x<y). Normally, high crystalline oxides are synthesized only at a high temperature. In contrast, such oxides are easily produced at a low temperature using the present process. Thus CaTiO 3 -CaCO 3 composite could be synthesized in the same batch of hydrothermal treatment. Fig. 3 shows the surface morphologies of the resultant films synthesized by the present treatment. Aggregates were observed at low magnification ( Fig. 3 (a), (c) ). More aggregates could be confirmed to form on CaTiO 3 films compared to TiO 2 . However the amount of CaCO3 should be determined by the concentration of CO3 2− and Ca 2+ in the solution. In the treatment of x>y, fine rectangular prism-shaped crystals formed, as shown in Fig. 3 (b) . The length along the edge of the square faces of the CaTiO 3 crystals was measured to be approximately 50-100 nm. This is typical morphology for CaTiO3 synthesized via hydrothermal treatment. In the treatment of x<y, a sponge-like morphology of the TiO 2 was observed ( Fig. 3 (d) ), indicating that recrystallization of TiO2 wasn't so active. The pH of 20 mM Ca(OH)2 was 12.8. The pH was reduced to 11.0 by adding 40 mM KHCO3. The pH was so low that dissolution and recrystallization were not repeated because TiO2 dissolves and precipitates with a strong base. However it should be noted that the recrystallization of TiO2 actually occurred because the XRD peaks became sharp as shown in Fig. 1 .
After hydrothermal treatment with Ca(OH)2/ KHCO3, a white precipitate was observed in the aqueous solution as shown in the inset image in Fig. 4. Fig. 4 shows the XRD pattern of the white precipitate. The peaks corresponded to those of CaCO3, suggesting that the clusters were calcite. This precipitate must have been incorporated into or loaded on the titanium oxides during hydrothermal treatments.
Surface modification of porous titanium
On the basis of surface modification, porous titanium was hydrothermally treated with 20 mM Ca(OH)2/10 mM KHCO3. Fig. 5 shows the surface morphology of the resultant film. CaCO3 was clearly synthesized and loaded on porous titanium (Fig. 5 (a) ). Since the clusters hardly disappeared after washing, it is suggested that the films and aggregates were tightly bound to the surface. Different size clusters were obtained. Fine rectangular prism-shaped crystals were also formed ( Fig. 5  (b) ), similar to the ones which were synthesized on the surface of Ti disks with the same solution ( Fig. 3 (b) ). Fig. 6 shows the X-ray diffraction pattern of the film prepared by hydrothermal treatment with 20 mM Ca(OH)2/10 mM KHCO3 aqueous solution. In addition to the peaks of CaTiO 3 , peak of CaCO3 was also clearly observed. CaCO3 was more easily trapped in the porous titanium than on the Ti substrates.
Compressive properties in the surface modified porous titanium
Compressive properties of the porous titanium were investigated by a compression test. Fig. 7 shows the stress-strain curves before and after the chemical-hydrothermal treatment. Both curves were smooth, indicating that localized destruction did not occur. The deformation proceeded uniformly even after surface modification. Mechanical properties of porous materials are often changed by heat or chemical-hydrothermal treatment with a strong acid and a strong base. However, the 0.2% proof stress was approximately 60 MPa before and after the hydrothermal treat- RESOURCES PROCESSING ment, confirming that there were no significant changes after the hydrothermal treatment in the present study. Furthermore, initiation of cracks and exfoliation of synthesized films couldn't be confirmed after the compression tests. Therefore, this surface modification technique is valuable when using porous titanium as a biomaterial.
Conclusion
The synthesis of bioactive titanium oxideCaCO3 films on Ti substrates and porous titanium by chemical-hydrothermal treatment and the compressive properties of the porous titanium before and after the hydrothermal treatment were investigated. The following conclusions were obtained: (1) was larger than that of CO 3 2− . On the other hand, TiO2-CaCO3 films were obtained when the concentration of Ca 2+ was lower than that of CO 3 2− . (2) CaTiO3-CaCO3 films were also synthesized on porous titanium by hydrothermal treatment as well as on Ti disks. CaCO 3 was clearly trapped in the porous titanium. The resultant films and clusters were tightly composited to one another. (3) The compressive properties of porous titanium after hydrothermal treatment were similar to those prior to the hydrothermal treatment. The present surface modification was able to prepare the bioactive films without significantly changing the original properties.
